Rising atmospheric CO 2 concentration directly stimulates plant productivity and affects nutrient dynamics in the soil. However, the influence of CO 2 enrichment on soil bacterial communities remains elusive, likely due to their complex interactions with a wide range of plant and soil properties. Here, we investigated the bacterial community response to a decade long preindustrial-to-future CO 2 gradient (250-500 ppm) among three contrasting soil types using 16S rRNA gene amplicon sequencing. In addition, we examined the effect of seasonal variation and plant species composition on bacterial communities. We found that Shannon index (H') and Faith's phylogenetic diversity (PD) did not change in response to the CO 2 gradient (R 2 = 0.01, p > 0.05). CO 2 gradient and season also had a negligible effect on overall community structure, although silty clay soil communities were better structured on a CO 2 gradient (p < 0.001) among three soils. Similarly, CO 2 gradient had no significant effect on the relative abundance of different phyla. However, we observed soil-specific variation of CO 2 effects in a few individual families. For example, the abundance of Pirellulaceae family decreased linearly with CO 2 gradient, but only in sandy loam soils. Conversely, the abundance of Micromonosporaceae and Gaillaceae families increased with CO 2 gradient in clay soils. Soil water content (SWC) and nutrient properties were the key environmental constraints shaping bacterial community structure, one manifestation of which was a decline in bacterial diversity with increasing SWC. Furthermore, the impact of plant species composition on community structure was secondary to the strong influence of soil properties. Taken together, our findings indicate that bacterial communities may be largely unresponsive to indirect effects of CO 2 enrichment through plants. Instead, bacterial communities are strongly regulated by edaphic conditions, presumably because soil differences create distinct environmental niches for bacteria.
CO 2 enrichment on aboveground vegetation have been well documented from free-air CO 2 enrichment (FACE) studies (Dijkstra et al., 2010; Luo, Hui, & Zhang, 2006; Nie & Pendall, 2016; Reich, 2009 ).
For example, several studies have shown that elevated CO 2 stimulates aboveground net primary productivity (ANPP), root biomass, and C inputs into the soil (Ainsworth & Long, 2004; Pritchard, 2011) .
The concentration of CO 2 within the pore space of soil is several orders of magnitude higher than that in the atmosphere (Drigo, Kowalchuk, & Veen, 2008) . In addition, soil CO 2 efflux is controlled by multiple biotic and abiotic factors. A substantial proportion of CO 2 in soil is released from plant root respiration and microbial decomposition of soil organic matter, while a minor fraction is derived from carbonate weathering as CO 2 dissolves in water to form carbonic acid (Andrews & Schlesinger, 2001) . Consequently, the effects of local atmospheric CO 2 enrichment on soil microbial communities are expected to be indirect, and primarily driven by plant C inputs from rhizodeposition and root exudation (Bardgett, Freeman, & Ostle, 2008) .
Microbial responses to CO 2 enrichment have been variable across different ecosystems. Some studies have reported shifts in microbial community structure and function under elevated CO 2 treatment Hayden et al., 2012; He et al., 2010) . For example, relative abundance of certain taxonomic groups of soil bacteria, such as Firmicutes and Bacteroides phyla, increased under elevated CO 2 . Increase in microbial biomass and differential stimulation of functional genes involved in labile C degradation and nitrogen (N) fixation under elevated CO 2 have also been reported .
However, other studies have shown that elevated CO 2 has negligible effect on soil microbial communities (Ge, Chen, Xu, Oren, & He, 2010; Hagedorn et al., 2013) . Microbial communities mediate biogeochemical processes through complex interactions with plants and soil properties (Rousk & Bengtson, 2014; Singh, Bardgett, Smith, & Reay, 2010) . Inconsistent results of elevated CO 2 effects on bacterial communities are likely due to discrepancies in analytical techniques and variations in soil physiochemical properties and plant functional types across different experimental settings.
Most CO 2 enrichment studies compare the microbial responses at the current ambient CO 2 concentration and an elevated CO 2 concentration projected for a fixed point in the future (Deng et al., 2015; Dunbar et al., 2012; Ebersberger, Wermbter, Niklaus, & Kandeler, 2004) . We used the Lysimeter CO 2 gradient (LYCOG) facility to determine microbial responses to an atmospheric CO 2 gradient spanning the preindustrial level (250 ppm) to a concentration (500 ppm) projected by 2050 (Collins et al., 2013; Forster et al., 2007) . Consequently, the experimental setup allows us to discern whether soil bacterial communities exhibit any threshold or nonlinear patterns of response to a range of CO 2 concentrations. It also provides a unique setting to study the trajectory of soil bacterial community response to CO 2 increase since the industrial revolution. CO 2 change represents a contemporary disturbance compared to pre-existing edaphic properties. Thus, we can also elucidate the relative influence of historical contingency versus contemporary CO 2 disturbance using the LYCOG experiment.
Soil bacteria are incredibly diverse, which is supported by microhabitats from the soil physiochemical heterogeneity. Large variation in physiochemical properties among soils may elicit changes in community structure, taxonomic composition and diversity. Soil texture affects soil water holding capacity, cation exchange capacity (Krull, Baldock, Skjemstad, & Csiro, 2001 ) and nutrient availability (McLauchlan, 2006) . Fine-textured clay soils have a larger surface area, smaller aggregates and higher water retention ability (van Gestel, Merckx, & Vlassak, 1996) , which could favor diverse groups of microbes. For example, microbial communities in soils with higher clay content have been found to be more diverse and more abundant (Sessitsch, Weilharter, Gerzabek, Kirchmann, & Kandeler, 2001 ).
Conversely, sandy loam soil contains larger aggregates, particle size, and pore space, which could limit the water retention ability and induce more water loss to drainage . The question remains as to whether CO 2 effects on microbes differ among soils that vary in physiochemical properties, including texture, moisture content, and C and N content.
Our study aimed at investigating the shifts in bacterial community structure, composition, and diversity in response to a continuous CO 2 gradient (250-500 ppm) and season of sampling among three contrasting soils. As CO 2 effects on bacteria are presumed to be indirect and mediated through effects on plants, we examined the influence of plant species relative abundances as well as soil properties on bacterial communities. Previous studies in the LYCOG system have reported increased relative abundance of the tall-grass Sorghastrum nutans in mixed-species plant communities at elevated CO 2 levels as well as soil-specific variation in CO 2 effects on aboveground net primary productivity (ANPP) response and soil water availability . Similarly, fungal community response and soil enzyme activities differed by soil type along the CO 2 gradient (Kelley, Fay, Polley, Gill, & Jackson, 2011; Procter, Ellis, Fay, Polley, & Jackson, 2014) .
However, soil bacterial community responses to CO 2 gradient among different soil types have yet to be investigated. Here, we hypothesized that CO 2 , soil type and associated properties, season and their interactive effects would determine bacterial community structure and taxonomic composition. Furthermore, the effects of CO 2 gradient on soil bacterial communities would be indirectly driven through corresponding changes in plant species relative abundances and ANPP. We expected that bacterial diversity would positively correlate to increasing CO 2 concentration and that the patterns of response (linear, nonlinear or threshold) along the CO 2 gradient would differ by soil type.
We utilized 16S rRNA gene amplicon sequencing to characterize bacterial communities.
| MATERIALS AND METHODS

| Experimental design
The Lysimeter CO 2 Gradient (LYCOG) facility is located in Temple, Figure S1 ). Intact soil monoliths were placed beneath the chambers. A continuous linear CO 2 gradient of 500 ppm -380 ppm was maintained in the elevated chamber, where pure CO 2 was mixed with incoming ambient air at the entrance (Supporting Information Figure S1b ). The ambient chamber had identical setup except CO 2 was not injected, and ambient air was directly introduced in the chamber to initiate a CO 2 gradient of 380 ppm at the entrance and 250 ppm at the exit. Photosynthesis by enclosed vegetation progressively depleted the enriched air as it was advected through chambers using blower fans. Fan speed was regulated to maintain desired CO 2 levels at the entry and exit points. The direction of air flow in both chambers was reversed during night time.
CO 2 levels were measured at the entrance and exit of each section at 2-min intervals, and the concentration for each monolith was estimated by linear interpolation from the measured values .
Air temperature and vapor pressure deficit were regulated near ambient values by cooling and dehumidifying air at 5-m intervals along chambers. CO 2 gradient was maintained during the portion of the year when vegetation photosynthetic capacity was adequate, typically from late April to early November (Fay, Reichmann, Aspinwall, Khasanova, & Polley, 2015) . Irrigation regime for each soil monolith simulated the seasonal rainfall pattern in central Texas. We measured volumetric soil water content (SWC) using a calibrated neutron attenuation probe (503DR Hydroprobe, CPN International).
Soil water potential (SWP) was calculated from measured values of SWC using soil-specific SWP versus SWC relationships.
The vegetation on existing soil monoliths was treated with nonresidual herbicide, and seedlings of seven perennial species native to the Texas Blackland Prairie were transplanted into 60 of the 80 monoliths in June 2003, three years prior to CO 2 treatment (Fay, Reichmann, et al., 2015) . C4 species included Bouteloua curtipendula (side-oats grama), Schizachyrium scoparium (little bluestem), Sorghastrum nutans (Indiangrass), and Tridens albescens (white tridens). Three forb (C3) species included Salvia azurea (pitcher sage), Solidago canadensis (Canada goldenrod), and the legume Desmanthus illinoensis (Illinois bundleflower). Eventual dominant species included the C4 grasses B. curtipendula, S. nutans, and the forb species S. canadensis . Specific soils series used in the facility were Houston series (a black clay Vertisol), Austin series (a high carbonate, silty clay Mollisol), and Bastsil series (an alluvial sandy loam Alfisol).
All standing aboveground biomass was harvested at the end of the growing season. The biomass of individual species in each monolith was used to quantify relative plant species contributions to ANPP.
| Soil sampling and chemical analysis
Soil samples were collected from 31 monoliths (Supporting Information Figure S1c ) during May, August, and November of the 2015 growing season, the tenth year of CO 2 regulation. Three cores from the top 0-5 cm of monoliths and located close to vegetation were collected using mini metal cores of 1.5 cm diameter. The soil cores (~15 g) were transferred to 50 ml centrifuge tubes. Samples were transported in dry ice and immediately stored at a −80°C freezer until further analysis. Soil organic carbon and total nitrogen for samples collected in this study were measured using an elemental analyzer. After accounting for sequencing depth, and ancillary plant and soil data, a total of 83 soil samples from 2015 were used for downstream microbial analysis (n = 32 for silty clay, n = 24 for sandy loam, and n = 27 for clay).
| DNA extraction and PCR amplification
Community DNA from soil samples was extracted using commercial extraction kits (PowerSoil® DNA Isolation Kit, Mo Bio Laboratories).
The purity of DNA samples was assessed by measuring 260/230 and 260/280 in a Nanodrop spectrophotometer. Quantification of the samples was determined by Qubit 3.0 flourometer. A two-step PCR amplification targeting V4-V5 region of 16S rRNA gene was performed. Amplicon primers (515F forward and 926R reverse) for 16S rRNA (Caporaso et al., 2010) and barcode index primers for second step PCR were ordered from Integrated DNA technologies (IDT). 2X PlatinumTM Green Master Mix from Invitrogen was used as PCR master mix. Overhang adapter sequences compatible with Illumina index primers and sequencing adapters were added along with amplicon primer during the first step. PCR reaction conditions for the first step were 94°C for 2:00 min, followed by 30 cycles of (a) 94°C denaturation step for 45 s, (b) 50°C annealing step for 1:00 min, and (c) 72°C elongation step for 1:30 min.
The full complement of unique index barcodes primers for each sample was added during second step PCR so that the libraries could be pooled together for sequencing. PCR reaction conditions for the second step were 94°C for 2:00 min, followed by eight cycles of (a) 94°C denaturation step for 45 s, (b) 59°C annealing step for 1:00 min, and (c) 72°C elongation step for 1:30 min. After each step, the PCR products were purified using Agencourt AMPure XP beads from Beckman Coulter Life Sciences. The size of amplicon of was expected to be~500 base pairs and was verified with gel electrophoresis. Qubit 3.0 flourometer was used for library quantification and standardization.
| 16S rRNA gene amplicon sequencing and sequence processing
We used Illumina MiSeq platform with v3 Reagent kit to sequence paired-end 300-bp reads targeting V4-V5 region. The fastq files for individual samples were generated by initially processing and demultiplexing raw sequences and barcodes through 16S metagenomic Pipeline in Illumina BaseSpace. Downstream processing of sequences filtered from BaseSpace was conducted through QIIME (Caporaso et al., 2010) . Read 1 and Read 2 from each sample were aligned using the join-fastq algorithm (Aronesty, 2013) , and the aligned sequences were filtered at a Phred score of 20. We further detected chimeric sequences using the USEARCH algorithm (Edgar, 2010) and removed the sequences identified as chimeras. We implemented
| 5817 open reference de novo OTU picking with UCLUST (DeSantis et al., 2006) . Greengenes 13_8 was used as a reference database to assign taxonomy for corresponding OTUs. The samples were rarefied to a sequencing depth of 20,000 sequences.
| Statistical analyses
Statistical analyses were carried out with R statistical software v.3.4.1 (R Core Team, 2016) with packages (vegan, phyloseq, heatmap.plus, ggplot2 and others) and custom scripts. Unconstrained ordinations were performed using nonmetric multidimensional scaling (NMDS) on log 10 (x + 1) transformed OTU tables with Bray-Curtis distance and UniFrac distance using VEGAN (Oksanen et al., 2017) and phyloseq (McMurdie & Holmes, 2013) We used clustering analysis with heatmap.plus package (Day, 2012) to visually identify shifts in relative abundance of different taxa within specific soil types and seasons. Generalized additive model (GAM) was conducted to assess the effects of CO 2 on relative abundance of sensitive taxa within different soils. Since CO 2 was a considered a continuous explanatory variable, GAM fitting allowed us to better capture any linear, non-linear, or threshold responses along the CO 2 gradient (Marra & Wood, 2011) . We used Shannon index (H') and Faith's phylogenetic diversity (PD) to estimate the taxonomic and phylogenetic diversity, respectively. We fitted GAM with volumetric soil water content (SWC) and CO 2 gradient as linear predictors, and diversity indices as response variables Model validation was performed via visualization of residual plots. Most analyses not specified above were carried out by VEGAN package and R base functions.
| RESULTS
| Taxonomic and phylogenetic diversity
Results from GAM with global fit including samples across all soil types and seasons demonstrated that CO 2 gradient did not have a significant effect on taxonomic and phylogenetic diversity (Figure 1 ). Both Shannon index (H') and Faith's PD did not change in response to increasing CO 2 concentrations (p > 0.1). Although the patterns of diversity response to CO 2 varied slightly among soil types and seasons (Supporting Information Figure S2 ), the interactive effects between CO 2 × soil and CO 2 × season were still not significant (p > 0.1). In contrast, soil water content (SWC) strongly affected bacterial diversity. Both Shannon index and Faith's PD (Supporting Information Figure S3a ,b) showed a near linear decreasing trend (Adjusted R 2 = 0.16, p < 0.001) with increasing SWC. Overall diversity was higher in sandy loam soil with low SWC, and lower in clay soils with high SWC (Supporting Information Figure S3c ,d) but seasonal variation had no significant effect on bacterial diversity.
| Bacterial community structure
Nonmetric multidimensional scaling ordinations using Bray-Curtis distance and weighted UniFrac distance revealed that CO 2 gradient had a negligible effect on bacterial community structure ( Figure 2 , (250-500 ppm) for soil samples (Figure 2 ). This result was further supported by statistical analysis of ordisurf GAM fit as shown in Table 1 . Nonetheless, the effects of CO 2 gradient on bacterial community structure varied by soil type (Figure 3 , Table 1 ). Further analysis of CO 2 effect within each soil type illustrated that silty clay soil communities were better structured on the CO 2 gradient (p < 0.001, Table 1 ). In silty clay soils, bacterial communities at sub-ambient CO 2 concentrations were clearly separated in the ordination space from those at future levels (Figure 3a,b) . In addition, the contour lines represented a nonlinear fit at higher range of CO 2 concentrations. In sandy loam soils, CO 2 gradient represented somewhat linear fit for both UniFrac and Bray-Curtis distances (Figure 3c,d ). On the contrary, CO 2 gradient had no significant effect on communities associated with clay soil (Table 1 ) and the contour lines fitted with GAM were within narrow range of CO 2 gradient for clay soil (p > 0.1).
Overall, the influence of CO 2 gradient on community structure with global test (Figure 2 , Table 1 ) was marginal compared to soil-specific response ( Figure 3 , Table 1 ).
Bacterial communities were distinctly clustered based on soil type with significant overlap between silty clay and clay soil samples in the ordination space (Figure 2 ). Results from ANOSIM and PER-MANOVA also revealed a strong effect of soil type on bacterial community structure (p < 0.001, Supporting Information Table S1 ).
In addition, the pairwise comparisons between soil types with PER-MANOVA illustrated the significant variation on bacterial community structure among three soils (Supporting Information Table S1 ). Table S1 ). NMDS ordinations along with ANOSIM and PERMANOVA analysis for season grouping within soil types further revealed that season of sampling had no significant effect on silty clay and sandy loam soil communities (Supporting Information Figure S4 and Table S2 ). However, clay soil communities showed some variation on community structure based on the season grouping. In general, the ordination results along with multivariate statistical analyses confirmed that seasonal variation had little to no effect on bacterial community structure compared to the significant effect of soil type.
| Taxonomic distribution
At 97% sequence similarity, a total of 68,068 OTUs were detected.
These OTUs were assigned to 47 phyla, 141 classes, 222 orders, and 259 families using Greengenes database 13_8. Proteobacteria was the most abundant phylum (26%-40%) across all samples followed by Acidobacteria (8%-18%), Planctomycetes (8%-18%), Acti-
Verrumicrobia (2%-7%), and Firmicutes (1%-8%). Alphaproteobacteria was the most dominant sub-phyla within Proteobacteria, and Rhodospirillaceae and Hyphomicrobiaceae were consistently abundant families (Supporting Information Figure S5 ). RAUT ET AL.
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The overall effect of CO 2 gradient on taxonomic composition was marginal at phylum level (Supporting Information Figure S6 ).
However, we detected soil-specific variation in relative abundance of some individual families within different phyla in response to CO 2 gradient (Figure 4) . Planctomycetes (Pirellulaceae family), Chloroflexi (A4b family), and Deltaproteobacteria (Syntrophobacteraceae family) were most abundant in sandy loam soil among all soil types (Supporting Information Figure S5) . Notably, the relative abundance of Pirellulaceae decreased linearly, whereas that of A4b
and Hyphomonadaceae (Alphaproteobacteria) increased along the CO 2 gradient in sandy loam soils (Figure 4 ). Some members of Acidobacteria (mb2424 family) and Alphaproteobacteria (Sphingomonadaceae and Rhodospirillaceae families) were more abundant in silty clay and clay soils (Supporting Information Figure S5 ). Rhodospirillaceae also slightly increased with CO 2 across all soil types (Figure 4 ). The abundance of Actinobacteria slightly increased with CO 2 only in clay soil (Supporting Information Figure S6 ). Within the phylum Actinobacteria, the abundance of two specific families, Micromonosporaceae and Gaillaceae increased with CO 2 concentration in clay soils.
Taxa associated with sandy loam soils were clustered separately, while those affiliated with silty clay and clay revealed mixed clustering, indicating similar community composition (S5). Soil type had a significant effect on relative abundance of some phyla, including members of Planctomycetes, Chloroflexi, and Actinobacteria (Supporting Information Figure S5 ). In contrast, season of sampling had no effect on taxonomic composition at phylum level (Supporting Information Figure S6b ). Bacteroidetes and Firmicutes had similar relative abundance across different soil types, seasons, and CO 2 levels (Supporting Information Figures S5 and S6 ). (Figure 5 ). ANOVA on the RDA model revealed that the constraining soil properties had a significant effect on bacterial community structure (p < 0.001). Soil water content (SWC), soil water potential (SWP), and soil nutrient properties including C/N ratio and total nitrogen (TN) were the strongest constraints of bacterial community structure among all the soil properties. Soil organic content (SOC) was collinear with SWC, and thus, it was removed from the model. Mantel tests also confirmed that bacterial community structure was significantly correlated with soil parameters (r = 0.62, p = 0.001, Table 2 ).
A4b
Hyphomonadaceae Bacillaceae Gaiellaceae mb2424 Micromonosporaceae Rhodospirillaceae Sphingomonadaceae Pirellulaceae   300  350  400  450  500  300  350  400  450  500  300  350  400  450  500   300  350  400  450  500  300  350  400  450  500  300  350  400  450  500   300  350  400  450  500  300  350  400  450  500  300  350  400  450 Only the taxa which were most responsive to CO 2 gradient with >1% relative abundance were selected. For these selected families which were responsive to CO 2 gradient, t test on the slopes of lines fitted with GAMs showed that they were significantly different from zero [Colour figure can be viewed at wileyonlinelibrary.com]
Among seven plant species, only C4 grasses B. curtipendula and S. nutans, and forb species S. canadensis were correlated to bacterial community structure in the RDA model, and B. curtipendula had the most significant effect ( Figure 5 ). Partial RDA and partial Mantel tests showed that soil properties were still very significant while controlling the effects of plants species composition (p = 0.001, Table 2 ). However, plant species only had a marginal effect when the effects of soil properties were held constant. The partial tests indicated that the significant soil effect is largely independent from plant influence suggesting less than expected indirect CO 2 effect through plants to soil bacterial community. Overall, sandy loam soil had the lowest values of SWC, SOC, TN, and C/N ratio, and highest values of SWP among all three soil types (Supporting Information   Table S3 ). Clay soil was slightly more acidic than sandy loam and silty clay soils (Supporting Information Table S3 ).
| DISCUSSION
We hypothesized that CO 2 , soil type, season, and their interactive effects would determine bacterial community structure and taxonomic composition. We also expected increased bacterial diversity due to increase in labile C availability at higher CO 2 concentrations, specifically in clay soils .
Contrary to our expectations, CO 2 gradient had no significant effect on taxonomic and phylogenetic diversity. Furthermore, CO 2 gradient as well as seasonal variation had negligible effect on overall bacterial community structure and composition. For example, the relative abundance of most taxa at phylum level did not change along the CO 2 gradient or across seasons. However, our hypothesis was partially confirmed in that we detected soil-specific variation in CO 2 effects on bacterial community structure and responses of some taxa at family level. Edaphic properties associated with different soil types were the strongest environmental constraints on bacterial community structure ( Figure 5 ). We predicted that the effects of CO 2 on soil bacterial communities would be indirectly driven through corresponding changes in relative abundance of plant species or ANPP. However, plant species abundance had little influence on bacterial community structure when soil properties were controlled. Conversely, soil properties maintained a strong influence on variation in bacterial community structure even after controlling for the plant-specific effects. Our results imply that the overall effect of a preindustrial-to-future CO 2 gradient on bacterial communities through plants was negligible although we detected soil-specific variation in community structure and responses of few taxa. Thus, our results elucidating bacterial community response to a CO 2 gradient across different soil types improve understanding of the relative influences of CO 2 enrichment, edaphic properties, and their interactions on bacterial community structure and composition.
Neither taxonomic nor phylogenetic diversity in soil bacterial communities changed in response to a preindustrial-to-future CO 2 gradient when analyzed across soil types. Therefore, we did not detect any threshold or nonlinear response. In contrast, fungal OTU richness increased linearly with CO 2 in clay soils in a previous study at the LYCOG site (Procter et al., 2014) , which suggests that fungal communities may be more sensitive to CO 2 than bacterial communities. Similar to the results from LYCOG site, a few FACE studies also found more pronounced effects of CO 2 enrichment on richness and diversity of fungal than bacterial communities (Hayden et al., 2012; Nguyen, Buttner, Cruz, Smith, & Robleto, 2011) . However, the effects of elevated CO 2 on bacterial diversity in most FACE studies have been variable. Some have reported increased diversity at elevated CO 2 levels (Castro, Classen, Austin, Norby, & Schadt, 2010; Drissner, Blum, Tscherko, & Kandeler, 2007; Marilley, Hartwig, & Aragno, 1999) , whereas others have shown little to no change in bacterial diversity (Dunbar et al., 2012; Ebersberger et al., 2004; Hagedorn et al., 2013; Xu et al., 2013 ). There does not seem to be any systematic differences among these studies that account for contrasting results. However, it should be noted that elevated CO 2 level in most of the FACE study sites was >500 ppm (Drissner et al., 2007; Ebersberger et al., 2004; Hagedorn et al., 2013; Xu et al., 2013) , the highest CO 2 concentration applied in this study. A recent study at Giessen free-air CO 2 enrichment (Gi-FACE) facility in Germany, which examined grassland communities exposed to ambient (400 ppm) and moderate (480 ppm) CO 2 levels (de Menezes, Müller, Clipson, & Doyle, 2016) , also demonstrated negligible effect of CO 2 on bacterial communities. In agreement with our findings, they showed more pronounced effects of soil moisture than CO 2 enrichment on bacterial community structure and diversity. Although soil water release characteristics varied among soil types (Supporting Information Figure S7 ) in this study, differences in soil water content (SWC) rather than CO 2 gradient better explained the overall trend in bacterial diversity (Supporting Information Figure S3) . One of the advantages of LYCOG system compared to several FACE studies was that a linear CO 2 gradient of 250-500 ppm allowed us to consider CO 2 as a continuous rather than a discrete variable. Thus, our gradient study was potentially more sensitive in revealing the CO 2 enrichment effect. Results from this study and that of de Menezes et al., (2016) imply that modest CO 2 enrichment will not strongly influence soil bacterial communities.
Soil microbial communities are expected to be indirectly affected by CO 2 enrichment, primarily through plant-mediated changes in productivity and resource availability (Bardgett et al., 2008) . Soil bacterial communities in the silty clay soil differed between preindustrial and future levels of CO 2 , whereas those on the clay soil did not (Figure 3) . Similarly, ANPP also was more responsive to CO 2 on the silty clay and sandy loam than clay soils (Supporting Information Figure S8 ). Previous studies in the LYCOG system showed that CO 2 enrichment altered dominant plant taxa on silty clay, favoring a more productive C4 tallgrass S. nutans Polley et al., 2012) . Furthermore, increase in dominant taxa biomass also contributed to a substantial increase in productivity under CO 2 enrichment (Fay, Newingham, et al., 2015) . In this study, the abundance of S. nutans had a little effect on bacterial community structure. Among the three dominant plant species that were correlated to community structure, B. curtipendula clearly had the most significant effect (Figure 5 ). The biomass of B. curtipendula was significantly higher in silty clay and clay soils compared to sandy loam (p < 0.001). Prior research suggests that ANPP-CO 2 response on sandy loam may be driven by increased soil moisture availability with CO 2 (Fay, Newingham, et al., 2015) . SWC slightly increased with CO 2 in sandy loam soil (Supporting Information Figure S8 ), but corresponding changes in bacterial communities were a result of SWC differences among soil types rather than a CO 2 induced effect. CO 2 effects on plant productivity, plant species relative abundances, and bacterial community structure differed among soils, but the changes associated with aboveground and belowground responses were not closely related.
Most taxa at phylum level remained largely unresponsive to CO 2 (Supporting Information Figure S6a ). We detected soil-specific variation in CO 2 effects on the relative abundance of a few individual taxa at the family level (Figure 4 ). For example, the relative abundance of Micromonosporaceae and Gaiellaceae families from phylum Actinobacteria increased along the CO 2 gradient only in clay soils.
Members of Micromonosporaceae have previously been linked to enhanced cellulose degrading capability (Yeager et al., 2017) . Gaiellaceae are known to be chemoorganotrophic (Albuquerque et al., 2011) , possibly favored by environments rich with organic C. The increase in relative abundance of Micromonosporaceae and Gaiellaceae could be attributed to higher labile C availability with increasing CO 2 concentration in clay soils as shown in a previous LYCOG study . We did not measure microbial biomass, but results from the fourth year of CO 2 treatment at LYCOG showed that active soil microbial biomass increased most with CO 2 in the clay soils .
The abundance of Pirellulaceae family significantly decreased with CO 2 in sandy loam soil, but the overall abundance of Planctomycetes phylum did not change with CO 2 . In contrast, researchers found significant increase in Planctomycetes abundance with elevated CO 2 at a NZ-FACE site (Xia, Jia, Bowatte, & Newton, 2017) . The response of individual families to CO 2 enrichment apparently is mediated by soil properties. As most phyla were clustered by soil type (Supporting Information Figure S5 ), we infer that a strong soil effect can obscure a weaker CO 2 effect. Particularly, the relative abundance of the members of Planctomycetes, Chloroflexi, and Actinobacteria phyla significantly differed in sandy loam soil compared to silty clay and clay soils. These results could be linked to large variation in soil nutrient, moisture, and texture properties across soil types (Hermans et al., 2016; Kuramae et al., 2012; Rughöft et al., 2016) .
Sandy loam soil communities were distinctly clustered, with a significant overlap between silty clay and clay soils. As anticipated, this variation was primarily due to significant differences in soil physiochemical properties among three soils (Supporting Information   Table S3 ). Soil moisture, nutrient, and textural differences associated with three distinct soil types strongly influenced bacterial community structure, a result consistent with several studies investigating the influence of edaphic properties on bacterial communities (Butterly et al., 2016; Ge et al., 2010) . However, NMDS ordinations revealed that the overall soil effect may be slightly diminished with UniFrac distance compared to Bray-Curtis distance (Figure 2 ). UniFrac distance matrix also accounts for the phylogenetic relatedness of taxa (Lozupone & Knight, 2005) , and links to evolutionary relationships among samples. Thus, soil bacterial communities may be composed of closely related taxa resulting in smaller pairwise distances with UniFrac distance (Ortmann & Ortell, 2014) . Many studies have reported plant species composition and diversity as one of the key drivers of soil bacterial community structure and composition (Burns, Anacker, Strauss, & Burke, 2015; Leff et al., 2018 Leff et al., , 2015 . We analyzed plant-specific and soil-specific effects to assess their relative influence on bacterial community structure using partial RDA and partial Mantel tests. When the soil effects were held constant, plant species abundance were poorly associated with bacterial community structure, while soil properties remained highly significant when plant effect was controlled. This is likely because our soil core samples contained mostly bulk soil, which often reflects less plant influence than does the rhizosphere soil. This result further suggests that variation in bacterial community structure through changes in plant species composition may be less evident than direct effects of soil properties.
Several studies have considered climatic factors such as temperature and precipitation as important drivers of seasonal dynamics affecting soil bacterial communities (Cruz-Martínez et al., 2009; Gwosdz et al., 2016; Lauber, Ramirez, Aanderud, Lennon, & Fierer, 2013; Morales & Holben, 2013) . These studies demonstrated significant impact of seasonal variation on bacterial community structure and composition. In contrast, the lack of temporal shifts in bacterial communities among the beginning, middle, and end of growing season indicates that community structure did not vary with season of sampling in the current study. Both temperature and precipitation regime in this study mimicked the local seasonal patterns. For example, the daily average temperature in LYCOG facility significantly differed between May, August, and November (Supporting Information   Table S4 ). Although SWC varied seasonally across soil types, the differences in soil moisture among CO 2 treatments within soil types and season were also large (Supporting Information Figure S10 ).
Herein, standalone SWC differences among sites were a better predictor of bacterial diversity (Supporting Information Figure S2 ) and community structure ( Figure 5 ) than average SWC values across three sampling events during the growing season. Thus, the overall seasonal effect was negligible even though there was temporal variability in average temperature and soil water content during the growing season.
Bacterial communities were exposed to experimental conditions in the LYCOG system for a decade. Both plant communities and CO 2 gradient treatment represent contemporary changes compared to pre-existing soil conditions. A decade of CO 2 treatment had a negligible effect on overall bulk soil properties such as C/N ratio. Table S3 ). Initial pH differences among soil types persisted with clay soil being slightly more acidic. Procter et al. (2014) found that pH marginally decreased along the CO 2 gradient (p = 0.04). But, since we did not measure soil pH for all samples collected in 2015 sampling season, we could not establish a direct link between interactive effects of pH and CO 2 gradient on bacterial community structure.
Our results highlight that bacterial communities may be largely unresponsive to relatively short-term effects of CO 2 enrichment, possibly due to the transient effects of CO 2 on plants. Although we observed soil-specific variation in CO 2 effects on community structure, the modest CO 2 gradient treatment may not be sufficient to induce large shifts in bacterial diversity and community structure.
Instead, the long-term exposure to stable edaphic conditions such as soil texture and nutrient properties that persisted prior to CO 2 application likely created distinctive environmental niches for bacterial communities among different soil types (Ge et al., 2010) . Taken together, soil niche differences potentially have a greater and more direct effect on bacterial communities than changes in CO 2 treatment or plant species composition. This finding may have broader implications in ecosystem-level responses to past, present, and future climate change scenario.
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